ABSTRACT. Superoxide dismutase (SOD) catalyzes the breakdown of superoxide into hydrogen peroxide and oxygen in the antioxidant defense system. We had reported that the SOD activities in the ceca of germ-free (GF) mice were significantly higher than those in conventional (CV) mice. In this study, we confirmed the location where SOD activity and protein expression increased in the ceca of GF mice. An immunohistochemical analysis and total SOD activity assay were conducted using the mucosa and other remaining tissues in the ceca. In addition to SOD activity in the ceca, 4 sites of intestinal (duodenal, jejunal, ileal and colonic) mucosae in GF mice were compared with those of CV mice. Total SOD activity in the cecal mucosa of GF mice was significantly higher than that in CV mice (P<0.01), and the intensity of CuZnSOD-positive cells in cecal mucosa was increased in all GF mice. Total and CuZnSOD activities in the duodenal, jejunal, ileal, cecal and colonic mucosae of GF mice were significantly higher than those in CV mice (P<0.05, or P<0.01). Furthermore, CuZnSOD mRNA showed similar tendencies with respect to these activities. Our results suggest for the first time that upregulation of SOD activity occurs in the entire intestinal mucosa of GF mice. Antioxidant enzymes play an important role in preventing oxidative stress by acting on reactive oxidative species (ROS) generated in vivo. While physiological concentrations of ROS in vivo are beneficial and involve cell signaling pathways and survival from invading pathogens, an unbalanced, elevated levels of ROS may contribute to the development of various diseases, such as cancer, hypertension, diabetes, atherosclerosis, inflammation, and premature aging [30] . Superoxide dismutases (SODs) [16] are the most important antioxidant enzymes in the antioxidant defense system against a ROS of superoxide (O 2
Antioxidant enzymes play an important role in preventing oxidative stress by acting on reactive oxidative species (ROS) generated in vivo. While physiological concentrations of ROS in vivo are beneficial and involve cell signaling pathways and survival from invading pathogens, an unbalanced, elevated levels of ROS may contribute to the development of various diseases, such as cancer, hypertension, diabetes, atherosclerosis, inflammation, and premature aging [30] . Superoxide dismutases (SODs) [16] are the most important antioxidant enzymes in the antioxidant defense system against a ROS of superoxide (O 2
•− ). At present, 3 distinct SOD isoforms have been identified in mammals. One SOD isoform has Cu and Zn in its catalytic center (CuZnSOD) and exists in the intracellular cytoplasmic compartment; the second SOD isoform has manganese (Mn) in its catalytic center (MnSOD) and exists in the mitochondria of aerobic cells; and the third isoform is an extracellular SOD [30] . SODs are the first line of defense for dismutation of excess O 2 •− , which causes tissue disorders, as SODs convert O 2 •− to molecular oxygen and H 2 O 2 [22] . Of the different SOD enzymes, CuZnSOD is the most abundant and widely distributed enzyme in many tissues [13] .
We recently reported that total SOD, CuZnSOD and
MnSOD activities in the ceca of germ-free (GF) mice were significantly higher than those in the ceca of conventional (CV) mice [7] . CuZnSOD mRNA expression in the ceca of GF mice was significantly higher than that in CV mice, and CuZnSOD protein expression showed similar tendencies. Consistent with these results, the total SOD activity in conventionalized (CVz) mice decreased to the level of total SOD activity observed in the ceca of CV mice. These results suggested that the antioxidant defense system in the mouse cecum is influenced by intestinal microflora, which downregulates SOD activity [7] . However, because we measured SOD activity in the whole body of the cecum in the aforementioned study, it was unclear whether upregulation of SOD activity in the cecum of GF mice occurs only in the mucosa or in other cecal tissues as well. Additionally, the effect of intestinal microflora on antioxidant enzyme activity is still poorly understood in areas of the intestinal tract other than the ceca.
In the present study, we first confirmed that upregulation of SOD activity in GF mice occurs in the cecal mucosa using a SOD activity assay and immunohistochemistry. Secondly, we compared SOD activities at 5 different sites including the ceca of intestinal mucosa in GF mice with those in CV mice.
MATERIALS AND METHODS

Animals:
All experiments were performed using colonybred, 12-week-old male IQI mice. The IQI mice were bred in our animal facility and originated from CLEA Japan, Inc.
(Tokyo, Japan). GF mice were maintained under GF conditions in flexible vinyl isolators. Cages, bedding and water for GF mice were sterilized by autoclaving or with chlorine dioxide (Exspor, Alcide Co., Redmond, WA, U.S.A.). A commercial diet, sterilized by gamma irradiation at 50 kGy (CMF, Oriental Yeast Co., Ltd., Tokyo, Japan), and water were provided ad libitum to all mice. CV mice were maintained in clean racks and were confirmed to be free of serum antibodies to Clostridium piliforme, Mycoplasma pulmonis, HVJ and MHV. They were also negative for Pseudomonas aeruginosa, Salmonella spp., Pasteurella pneumotropica, Citrobacter rodentium, Corynebacterium kutscheri, Mycoplasma spp., Dermatophytes, Giardia spp., Spironucleus muris and Syphacia spp. The GF and CV mice were maintained in the same animal room under controlled conditions of temperature (23-25°C), relative humidity (40-70%), and light (12 hr, 7:00-19:00 hr). The mice were treated as per the provisions for animal welfare of the Nippon Veterinary and Animal Science University, which follows the Guidelines for Animal Experimentation issued by the Japanese Association for Laboratory Animal Science [11] .
CuZnSOD and MnSOD activity assays: Mice were sacrificed by decapitation, and cecal mucosa was carefully separated from the cecal tissue under a VMT stereomicroscope (Olympus Optical Co., Ltd., Tokyo, Japan) for the SOD activity assay. The mucosa and the remaining cecal tissue were harvested. Next, the duodenal, jejunal, ileal, cecal, and colonic mucosae were harvested. All samples were rapidly frozen in liquid nitrogen and stored at −80°C until assayed. Samples were homogenized by sonication in a sucrose buffer solution (10 mM Tris-HCl, pH 7.4, 0.25 M sucrose and 1 mM EDTA). Total SOD activity was determined in the supernatant obtained after centrifugation at 20,000 g for 20 min at 4°C using a SOD Assay Kit-WST (Dojindo Molecular Technologies Ltd., Kumamoto, Japan). First, the SOD concentration (U/ml) that gave 50% inhibition of the WST reaction (IC 50 ) was determined using a standard SOD concentration (MP Biomedicals, LLC, Solon, OH, U.S.A.). Then, the dilution rate of the mouse tissue extract that established the IC 50 was determined, and the unit concentration (U/ml) of the extract was calculated. Each sample was analyzed in duplicate, and the results were expressed as enzyme activity per mg of protein. Protein concentration was determined by the Bradford method [3] using bovine serum albumin as the standard. The same sample was analyzed under identical conditions after adding 1 mM NaCN to determine MnSOD activity [5, 14] . CuZnSOD activity was calculated by subtracting MnSOD activity from total SOD activity.
Immunohistochemistry analysis: After fixation in 10% neutral buffered formalin, cecal tissues were processed routinely, embedded in paraffin, serially sectioned at a thickness of 4 µm, and stained with hematoxylin and eosin. Additional serial sections were immunostained using a labeled streptavidin-biotin method. Briefly, paraffin sections were deparaffinized in xylene, passed through a graded alcohol series, and rehydrated in deionized water. The sections were treated with 0.3% hydrogen peroxide in methanol for 30 min to inhibit endogenous peroxidase. They were autoclaved in citrate buffer (pH 6.0) at 121°C for 20 min for antigen retrieval, followed by treatment with Block Ace (DS Pharma Biomedical Co., Osaka, Japan) for 60 min to block background staining. A rabbit polyclonal antibody against CuZnSOD (ab13498, 0.5 µg/ml, Abcam Inc., Cambridge, MA, U.S.A.) was incubated with the sections overnight at 4°C. The sections were rinsed in phosphate buffered saline, incubated with biotinylated goat antirabbit immunoglobulin G (IgG) (Dako, Glostrup, Denmark) for 30 min and subsequently incubated in peroxidase-conjugated streptavidin (Dako) for 30 min. Finally, the reaction with the antigen was visualized by addition of diaminobenzidine tetrahydrochloride chromogen and was counterstained with hematoxylin. As negative controls, sections were incubated with normal rabbit serum instead of the primary antibody. The intensity of CuZnSOD expression in cecal mucosa was graded semiquantitatively into three categories as weak, moderate, and intense.
RNA extraction, cDNA synthesis, and quantitative realtime polymerase chain reaction analysis: Total RNA was extracted from frozen mucosa using Trizol reagent (Invitrogen Co., Carlsbad, CA, U.S.A.). The amount of total RNA was measured by spectrophotometry. Total RNA (500 ng) was reverse-transcribed in a solution of 10 µl of 1× PrimeScript buffer, 25 pmol of oligo dT primer, 50 pmol of random 6-mer primer, and 0.5 µl of PrimeScript RT Enzyme Mix 1 at 37°C for 15 min (Takara Bio Inc., Shiga, Japan). The reaction product was subjected to quantitative real-time polymerase chain reaction (PCR) performed following the instructions for the 7500 Real-time PCR system (Applied Biosystems, Foster City, CA, U.S.A.). After cDNA denaturation at 95°C for 30 sec, PCR was performed according to the following thermal cycling protocol: 95°C for 5 sec and 60°C for 34 sec in 20 µl buffer containing SYBR Premix Ex Taq (Takara Bio Inc.) and 0.8 µM each of forward CuZnSOD (5'-GGGTTC-CACGTCCATCAGT-3') and reverse CuZnSOD (5'-CA-CACGATCTTCAATGGACAC-3') primers [7] . The cDNA sequence was obtained from GenBank (accession number, NM_011434), and forward and reverse primers were designed to span different exons to avoid genomic DNA amplification. Quantitative measurements were performed by establishing a linear amplification curve from serial dilutions of cloned mouse CuZnSOD mRNA and glyceraldehyde-3-phosphate dehydrogenase (GAPDH) mRNA [20] . The amount of CuZnSOD mRNA was normalized to the amount of GAPDH mRNA.
Statistical analysis: Results of the biological parameters are expressed as mean ± standard deviation (SD). Statistical analyses of the differences between mean values were performed using Student's t-test. Probabilities of less than 5% (P<0.05) were considered significant.
RESULTS
SOD activities in the mucosa and the remaining cecal tissues of GF and CV mice:
Total SOD activity in the cecal mucosa of GF mice was significantly higher than that of CV mice, whereas no differences in the activity in other cecal tissues were observed between GF and CV mice (P<0.01, Fig. 1) .
Immunoreactivity in the ceca of GF and CV mice: The thicknesses of cecal mucosa and the muscular layer in GF mice were clearly lower than those in CV mice. CuZnSOD was diffusely expressed in cecal mucosal epithelium of both GF and CV mice. The intensity of CuZnSOD expression of the cecal mucosa was intense in all 5 GF mice, whereas the intensity varied in CV mice, 2 mice showed moderate level, 1 mouse did intense level, and the remaining 2 mice did weak staining level ( Fig. 2A and 2B ). Besides the cecal mucosal epithelium, the myenteric plexus was often positive for CuZnSOD in both GF and CV mice. Weak CuZnSOD immunoreactivity was sporadically detected in the intima of vessels, muscular layer, and solitary lymphoid follicles of the cecum in both types of mice. The activity of CuZnSOD isoforms in the cecal mucosa of GF mice was significantly higher than that in the cecal mucosa of CV mice (data not shown).
SOD activities in the intestinal mucosa of GF and CV mice: Total SOD activity assays were performed on the intestinal mucosa of GF and CV mice. Total SOD activities in the duodenal (P<0.05, Fig. 3) , jejunal, ileal, cecal, and colonic mucosae of GF mice were significantly higher than those of CV mice (P<0.01 Fig. 3) . Similarly, the activities of CuZnSOD and MnSOD (data not shown), in the duodenal, jejunal, ileal, cecal, and colonic mucosae of GF mice were significantly higher than those of CV mice (P<0.01, Fig. 4) .
CuZnSOD mRNA in the intestinal mucosa of GF and CV mice: CuZnSOD mRNA in the intestinal tract mucosa of mice was determined relative to that of SOD activity. CuZnSOD mRNA expression in the jejunal, ileal and cecal, mucosae of GF mice was significantly higher than that of CV mice (P<0.05, or P<0.01, Fig. 5 ), and the values in the duo- CuZnSOD expression in the cecal mucosal epithelium was more intense in GF mice compared to that in CV (B) mice. Besides the mucosal epithelium, the myenteric plexus and the intima of the vessels were weakly positive for CuZnSOD in both GF and CV mice. Bar=50 µm. denal and colonic mucosae of GF mice tended to be higher than in those of CV mice.
DISCUSSION
Our results clearly demonstrate that total SOD and CuZn-SOD activity in the cecal mucosa of GF mice was significantly higher than that in the mucosa of CV mice, but not in cecal tissue other than the mucosa. Furthermore, immunohistochemistry revealed that CuZnSOD expression in the cecal mucosa was high in all GF mice. The results support the finding that upregulation of SOD activity occurs in the mucosa of GF mice. Additionally, total SOD and CuZnSOD activities in the 5 sites of intestinal mucosa of GF mice were significantly higher than those of CV mice. We also found that CuZnSOD mRNA expression showed similar tendencies with respect to SOD activities in the intestinal mucosa. These findings are in agreement with the results of our previous report in the whole cecal body [7] . Furthermore, we previously reported that the total SOD activity in the ceca of CVz mice was significantly lower than in the ceca of GF mice [7] . In addition, we confirmed that total SOD activity in the cecal mucosa of pseudo-GF mice treated with antibiotics in CV mice (1,500 U/ml penicillin-G and 2 mg/ml streptomycin sulfate for 4 days) was significantly higher than that of CV mice (data not shown), although it was a preliminary study. Thus, our data suggest that SOD activity is influenced by the intestinal microflora in the mouse intestinal mucosa, i.e., the microflora downregulates SOD activity. Some genes coding for antimicrobial factors have been demonstrated to be induced by microbial stimuli in mono-associating or conventionalizing GF mice, by comparing GF and CV mice or by microbiota depleted mice [4, 29] . Reikvam et al. reported that antibiotic treatment significantly reduces the expression of antimicrobial factors to a level similar to that in GF mice and alters the expression of many genes in the colonic epithelium [25] . In the early days of array-based gene expression assays, Fukushima et al. compared mRNA expression profiles of colonic intestinal epithelial cells from GF mice with those from mice containing conventional nonpathogenic microbiota and confirmed that 2 genes were downregulated and 5 genes, including genes associated with the extracellular antioxidant defense (selenoprotein P, metallothionein 1), are upregulated in GF mice [8] . Thus, nonpathogenic microbiota can modulate expression of these genes in the small intestinal or colonic mucosa of normal mice. However, to the best of our knowledge, this is the first report to suggest a relationship between intestinal microflora, SOD activity, and SOD mRNA expression in the 5 sites of intestinal mucosa of mouse.
One fundamental mechanism of inflammatory tissue destruction in the pathogenesis of human chronic inflammatory bowel disease (IBD) is oxidative stress through involvement of ROS [26, 31] . Among the endogenous mucosal antioxidant defense mechanisms, SOD forms the primary defense against ROS. Kruidenier et al. reported changes in the expression levels of the 3 SOD isoforms in patients with IBD, particularly in the mucosa [15] . Furthermore, Nieto et al. described that IBD induced by trinitrobenzenesulfonic acid damages the intestinal mucosa and is accompanied by a shift in SOD activity in the rat intestine [19] . On the other hand, an increasing amount of evidence suggests that intestinal microflora may play a role in IBD pathogenesis. Therefore, antibiotics are generally used in patients with active IBD [21] . In experimental studies, IBD does not develop in murine models of colitis that are raised in a GF environment but occurs when commensal bacteria are introduced into the intestines [6, 23, 27] . For these reasons, our results raise the possibility that upregulation of SOD activity in the intestinal mucosa of GF mice may contribute to elucidate the mechanism of the antibiotic therapeutic effect in patients with IBD. Further studies are required to examine whether upregulation occurs in the intestinal mucosa of CV mice when intestinal microflora is depleted by antibiotic treatment.
Jervis et al. reported that the mucosa is generally thinner in GF mice than that in the corresponding regions in CV mice and that it has short irregular villi over all of its surfaces, whereas the cecal mucosa is almost uniformly smooth in CV mice, and the straight, elongated crypts of Lieberkuhn open onto a generally flat surface [12] . Furthermore, Kruidenier et al. reported that CuZnSOD staining is observed in the human intestinal epithelium [15] , and Abdeen et al. reported that SOD expression is high in the intestinal mucosa of the rat jejunum [1] . These results of reports are in agreement with the results of the present study on cecal histology and immunohistochemistry of CuZnSOD in GF and CV mice. In recent studies, the complexity of intestinal microflora inhabiting the intestine has become increasingly apparent. A large number of studies show diverse changes in intestinal immunology, morphology, absorptive function, electrolyte handling, bile metabolism, motility and enteroendocrine and exocrine functions in the GF state [28] . In most cases, these observations have antedated expression profiling and gene-targeting technology, but the underlying host signaling mechanisms are unknown [24, 28] . Similarly, the mechanism by which intestinal bacterial flora suppresses SOD activity in the intestinal tract remains unclear. Our future studies will focus on understanding the mechanism for the relationship between bacterial flora and SOD activity in the intestinal mucosa.
The control of CuZnSOD activity in mammalian tissues largely depends on regulation of CuZnSOD mRNA levels [7] . Transcriptional regulation of CuZnSOD mRNA is involved with many transcription factors. These transcriptional factors, including nuclear factor-kappa beta, activator protein (AP)-1, AP-2 and selective promoter factor 1, as well as CCAAT-enhancer-binding protein, play important roles in regulating the constitutive or inducible expression levels of CuZnSOD [17] . Evaluation of transcriptional factors would be necessary to determine those participating in the regulation of SOD activity in the intestinal mucosa of GF mice.
Identifying the intestinal microflora species that mediate SOD activity in the mouse intestinal mucosa will be interesting. The observation that GF animals have enlarged ceca is well known [10] , but the enlarged ceca are reduced in size in the GF mice inoculated with a mixture of clostridia obtained from chloroform-treated feces of CV mice [9, 18] . In a recent study, Clostridium spp. were induced to expand Foxp3+ regulatory T-cells [2] . These clostridia will be used in future gnotobiotic studies to determine the relationship between intestinal flora and SOD activity in mouse cecal mucosa, although the interaction between SOD activity and cecal size is still unknown.
In conclusion, we suggest, for the first time, that upregulation of SOD activity occurs in the cecal mucosa of GF mice, using biochemical and immunohistochemical analyses, and show effects of the intestinal microflora on SOD activity in intestinal mucosa.
